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Background: Duplex ultrasound is widely used for the diagnosis of internal carotid artery stenosis. Standard duplex
ultrasound criteria for the grading of internal carotid artery stenosis do not exist; thus, we conducted a systematic review
and meta-analysis of the relation between the degree of internal carotid artery stenosis by duplex ultrasound criteria and
degree of stenosis by angiography.
Methods: Data were gathered from Medline from January 1966 to January 2003, the Cochrane Central Register of
Controlled Trials and Database of Systematic Reviews, Database of Abstracts of Reviews of Effects, ACP Journal Club,
UpToDate, reference lists, and authors’ files. Inclusion criteria were the comparison of color duplex ultrasound results
with angiography by the North American Symptomatic Carotid Endarterectomy Trial method; peer-reviewed publica-
tions, and >10 adults.
Results: Variables extracted included internal carotid artery peak systolic velocity, internal carotid artery end diastolic
velocity, internal carotid artery/common carotid artery peak systolic velocity ratio, sensitivity and specificity of duplex
ultrasound scanning for internal carotid artery stenosis by angiography. The Standards for Reporting of Diagnostic
Accuracy (STARD) criteria were used to assess study quality. Sensitivity and specificity for duplex ultrasound criteria were
combined as weighted means by using a random effects model. The threshold of peak systolic velocity >130 cm/s is
associated with sensitivity of 98% (95% confidence intervals [CI], 97% to 100%) and specificity of 88% (95% CI, 76% to
100%) in the identification of angiographic stenosis of>50%. For the diagnosis of angiographic stenosis of>70%, a peak
systolic velocity>200 cm/s has a sensitivity of 90% (95% CI, 84% to 94%) and a specificity of 94% (95% CI, 88% to 97%).
For each duplex ultrasound threshold, measurement properties vary widely between laboratories, and the magnitude of
the variation is clinically important. The heterogeneity observed in the measurement properties of duplex ultrasound may
be caused by differences in patients, study design, equipment, techniques or training.
Conclusions: Clinicians need to be aware of the limitations of duplex ultrasound scanning when making management
decisions. ( J Vasc Surg 2005;41:962-72.)During the last 10 years, two large multicenter trials,
theNorth American Symptomatic Carotid Endarterectomy
Trial (NASCET)1 and the Asymptomatic Carotid Artery
Stenosis trial (ACAS)2 have reported a reduction in the risk
of stroke for patients with internal carotid artery (ICA)
stenosis who underwent carotid endarterectomy compared
with medical management. Dissemination of the results of
the trials resulted in an estimated 74% increase between
1994 and 1996 in patients undergoing carotid endarterec-
tomy (data from Florida).3 In these trials, stenosis was
assessed before surgery by angiography, calculated by the
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962NASCET method, and in North America this has become
the gold standard for patient selection for endarterectomy.
Duplex ultrasonography (DUS) is the primary nonin-
vasive screening procedure for evaluation of ICA stenosis
and is widely used in clinical practice to select patients for
angiography. Angiography, however, is resource intensive
and has an inherent risk of morbidity and mortality that
decreases the potential benefit of carotid endarterectomy.
Consequently, some clinicians have advocated endarterec-
tomy on the basis of DUS findings alone, or in combination
withmagnetic resonance angiography (MRA) or computed
tomographic angiography (CTA).4-8 The importance of
the measurement properties of DUS in predicting angio-
graphic stenosis has been recognized by the large number
of recent studies that have examined different DUS criteria
against the gold standard of angiography.
Despite the importance of the issue, no quantitative
summary of the measurement properties of different DUS
criteria has previously, to our knowledge, been reported.
We conducted a systematic review and meta-analysis of
studies that compared DUS with the gold standard of
angiography. We also examined the methodologic quality
of the studies and the issue of generalizability of findings
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relating degree of ICA stenosis by DUS criteria to degree of
stenosis by angiography calculated according to the
NASCET method. We also assessed the quality of the
design and reporting of these studies.
METHODS
Search strategy. Medline database from January 1966
to 28 January 2003 was searched using OVID software for
carotid arteries, common carotid artery, carotid artery dis-
eases, or carotid stenosis (MeSH heading) and ultrasonog-
raphy terms Doppler, duplex, color, pulsed (MeSH head-
ing) and sensitivity and specificity (MeSH heading, key
word) combined with a methodologic filter previously
identified as sensitive for the identification of diagnostic test
reports in this database.9
A search of Cochrane Central Register of Controlled
Trials and Cochrane Database of Systematic Reviews (Co-
chrane library, 2002, fourth quarter), Database of Abstracts
of Reviews of Effectiveness (DARE fourth quarter, 2002),
ACP Journal Club (January 1991 to January 2003), and
UpToDate (version 11.0), was performed using search
terms carotid stenosis and carotid ultrasound.
Reference lists of a textbook of vascular surgery,10 all
relevant articles, and review articles were also reviewed. All
searches were performed in duplicate. Authors’ files were
also reviewed.
Eligibility criteria. Eligibility criteria were developed
a priori. Studies were included if (1) color DUS was used to
derive Doppler velocity criteria for classification of ICA
stenosis; (2) the gold standard was angiography measured
by the NASCETmethod; (3) the study was a peer-reviewed
publication; and (4) the study reported 10 adults. If two
articles presented duplicate data, the more recent was in-
cluded. Studies that used DUS to distinguish between ICA
occlusive and nonocclusive lesions with reference to an-
giography were excluded if they did not develop criteria for
less severe grades of ICA stenosis. Studies in all languages
were included.
DUS measurements. We extracted data on ICA peak
systolic velocity (PSV), ICA end diastolic velocity (EDV),
and internal carotid artery/common carotid artery peak
systolic velocity (ICA/CCA) ratio.
Angiography. We extracted data on percentage ste-
nosis by the NASCET method.
Relevance. Titles and abstracts were reviewed in du-
plicate (A.S.J., Y.L.) and full text was retrieved for all
potentially-relevant studies. Final relevance was decided
independently by each reviewer from the full text. Assess-
ment of relevance and methodologic quality, and data
extraction were performed in duplicate (A.S.J., Y.L.). Dis-
agreements were resolved by consensus.
Methodologic quality of studies and data extraction.
To assess the quality of studies and for data extraction, a
standardized form based upon the Standards for Reporting
of Diagnostic Accuracy (STARD)11 criteria was developed
and pretested. Reviewers were not masked to the titles and
authors of articles. Ten items from the STARD11 criteriawere selected as most relevant in quality assessment in this
context. If it could not be determined whether a method-
ologic criterion was met from reading a study, it was
decided that the criterion was not satisfied. Other studies of
methodologic quality of diagnostic tests have used a similar
approach to determine if criteria for assessment of quality
were satisfied.12,13
From the STARD criteria, studies were assessed for
description of:
1. training of readers of ultrasound and angiographic
tests;
2. blinded assessment of index test (DUS) and gold stan-
dard (angiography);
3. interobserver reliability for interpretation of angiogra-
phy and DUS;
4. demographic (age, gender distribution) and clinical
(symptomatic versus asymptomatic) characteristics—a
satisfactory grade was assigned if both features were
described;
5. patient sampling (consecutive series versus a random
sample);
6. direction of data collection (prospective versus retro-
spective);
7. distribution of severity of ICA disease according to
angiography;
8. treatment of indeterminate results;
9. patient selection - reason for performance of DUS;
10. details of methods of DUS and angiography.
For angiography, authors were expected to provide
details of measurement of carotid stenosis, technique (cath-
eters, injection site), and type of angiography (arch angiog-
raphy, selective angiography, digital subtraction angiogra-
phy, or plain films). For DUS, authors were expected to
provide details of type of ultrasound machine, probe fre-
quency, angle of insonation, and location of measurement
of stenosis. A partial description of either diagnostic test
received a partial grade of adequacy. If details were not
provided, studies were classified as inadequate in this
respect.
Studies that developed DUS criteria and reported the
sensitivity and specificity of these criteria in the same data
set were considered to be derivation studies. Studies that
reported sensitivity and specificity of previously derived
DUS criteria from data not used during the original deri-
vation were considered to be validation studies. We distin-
guished between validation of criteria within laboratories
and between different laboratories.
The data extracted were: indication for DUS examina-
tion (screening, carotid bruit, symptoms), number of pa-
tients and arteries, description of personnel involved in
execution and reading of DUS and angiographic tests,
sensitivity and specificity of DUS criteria for detection of
ICA stenosis for all thresholds reported in the paper (re-
gardless of the authors’ recommendations of optimal
thresholds), methods and estimates of test reproducibility,
clinical (distribution of symptomatic versus asymptomatic
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and distribution of the severity of ICA stenosis.
Statistical analysis. Microsoft Excel (MS Office 1997)
was used for data collection. Box plots of sensitivity and
specificity ranges of different DUS criteria were created
using Statistical Package for the Social Sciences (SPSS)
software (version 11.5, 2002) (SPSS, Chicago, Ill).
When sensitivity, specificity, sample size, and preva-
lence of disease for a particular DUS threshold could be
extracted from at least four studies, we calculated for each
study the number of true positives, false positives, true
negatives, and false negatives. We performed a meta-
analysis when at least four studies were available to identify
more widely used DUS thresholds. Sensitivity and specific-
ity were combined across studies using weights that were
the inverse of the combined within-study and between-
study variance (a random effects model).14,15 For a given
DUS threshold, heterogeneity of the sensitivity and speci-
ficity results between studies was assessed by the Fisher-
Freeman-Halton exact test (StatsDirect, version 2.2, 2003;
Cheshire, UK), using P  .05 as the criterion for hetero-
geneity.
RESULTS
Relevance. The search strategy yielded 798 articles,
from which 72 articles were retrieved in full text. A review
of reference lists identified an additional 48 articles, of
Table I. Methodologic quality of included studies
Criteria
Num
fulfill
Reason for DUS 
Participant recruitment based on patient having received:
DUS 
Angiography 
Angiography and DUS 
Consecutive patients 
Prospective study 
Description of angiography:
Adequate 
Partial 
Not Reported 
Description of DUS:
Adequate 
Partial 
Not Reported
Description of readers of angiograms 
Description of DUS interpreters 
Blinding 
Reproducibility of results:
Angiography 
DUS 
Description of clinical and demographic characteristics 
Distribution of carotid stenosis disease severity 
Description of uninterpretable results 
Derivation of laboratory specific criteria 
Intra-laboratory validation of criteria 
Inter-laboratory validation of criteria 
DUS, Duplex ultrasoundwhich 38 were retrieved in full text after their abstracts werereviewed. Review of the full text for the 110 articles selected
as possibly relevant on the basis of their titles or abstracts
identified 47 reports that met study eligibility criteria.
These included six foreign language articles that were re-
viewed by a single reviewer in conjunction with a translator;
two were eligible. Interobserver agreement for decisions,
which were made in duplicate, was very good for decisions
regarding potentially relevant articles (Cohen’s , .85) and
good for final relevance (, 0.77).
Methodologic quality. Overall, the two reviewers
(A.S.J., Y.L.) agreed on quality ratings for 94% of items.
Table I summarizes the methodologic quality of included
studies. A detailed description of the studies is provided in
Table II (available online). Thirty studies (68%) were ret-
rospective and 39 (83%) enrolled consecutive patients.
Forty-four studies (94%) recruited participants who had
received both DUS and angiography during their clinical
care. Distribution of the severity of disease by angiography
was reported in 41 studies (87%). Clinical and demographic
characteristics were described in 15 studies (32%). Ade-
quate description of imaging technique, readers, and repro-
ducibility for angiography appeared in 5 (10%), 24 (51%),
and 16 (34%) studies, and for DUS in 21 (45%), 26 (55%),
and 4 (9%) studies, respectively. Blinding was described in
35 studies (75%). Fifteen studies (32%) described handling
of uninterpretable results. There were 23 descriptions (49%
of studies) of the performance of criteria in a derivation
of studies
iteria (%) Study
43) 21,28-46
 (2) 42
 (4) 41,47
94) 18,21,28-40,43-46,48-72
83) 21,28,29,31-45,47-54,56,57,59-61,63-69,71
32) 21,31,32,35,37,41,44,47,50,52,56,57,59,60,67
10) 36,39,60,66,69
87) 18,21,28-35,37,38,40-53,55-59,61-65,67,68,70-72
 (2) 54
45) 28,30,31,33,36,37,43-45,47,49,56-60,62,67-69,72
55) 18,21,29,32,34,35,38-42,46,48,50-55,61,63-66,70,71
(0)
51) 21,28,29,35,37,39-43,46,47,49-52,55,57,58,62,63,66,67,71
55) 18,21,28,29,31-33,35,38,39,41-44,46-49,55,57,58,63,66,67,70,71
75) 21,28-31,33-37,39-45,47,50,51,53-57,59-61,63-68,70
34) 18,29,31,39-42,46,47,53,60,62,64,65,68,69
 (9) 32,33,46,56
32) 18,28-31,34,35,38,41-44,49,52,60
87) 18,21,28-31,33-35,37-57,61-70,72
32) 18,42,43,46-49,51,54,56,60,66,67,70,72
49) 18,29-31,36,39,40,47-49,51-53,56,60,63-65,67-71
13) 21,28,31,34,43,59
53) 18,21,32-35,37,38,41-46,50,52,54,55,57,58,61-63,66,69,72ber
ing cr
20 (
1
2
44 (
39 (
15 (
5 (
41 (
1
21 (
26 (
0
24 (
26 (
35 (
16 (
4
15 (
41 (
15 (
23 (
6 (
26 (dataset, 6 descriptions (13% of studies) of the performance
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26 descriptions (53% of studies) of the performance of
criteria derived in other centers.
DUS thresholds.  Figs 1, 2, and 3 are box plots of
sensitivity and specificity of DUS velocity parameters (PSV,
ICA/CCA velocity ratio, EDV) for each degree of angio-
graphic stenosis (50%, 60%, 70%). Pooled weighted
means of sensitivity and specificity for DUS criteria for
detection of stenosis 50% and 70%, for those studies
that reported prevalence, are provided in Table III.
In 2003, the Society of Radiologists in Ultrasound
recommended DUS velocity criteria for clinical application
in the assessment of carotid stenosis (Table IV).4 Through
a systematic review and meta-analysis, we have derived
pooled estimates of sensitivity and specificity for different
DUS criteria (Table III), including those recommended by
the society.
The threshold of PSV 130 cm/s is associated with a
sensitivity of 98% (95% confidence intervals [CI], 97% to
100%) and a specificity of 88% (95% CI, 76% to 100%) in
the identification of angiographic stenosis 50%. PSV
230 cm/s has a sensitivity of 90% (95% CI, 83% to 96%)
and a specificity of 85% (95% CI, 77% to 92%) in the
diagnosis of stenosis 70%.
Broadly similar estimates for sensitivity and specificity
in the diagnosis of stenosis70% are also observed for PSV
thresholds of 200 cm/s and 250 cm/s, all with widely
overlapping confidence intervals.
An ICA/CCA ratio 4 is associated with an 80%
sensitivity (95% CI, 70% to 90%) and 88% specificity (95%
CI, 83% to 93%) in the diagnosis of stenosis 70%. Confi-
dence intervals for the sensitivity and specificity of the
criterion ICA/CCA ratio 3 overlap substantially with
those for ICA/CCA ratio 4.
An EDV100 cm/s has 82% sensitivity (95% CI, 70%
to 93%) and 90% specificity (95% CI, 82% to 99%) in the
diagnosis of stenosis70%, with similar values obtained for
the threshold of 120 cm/s, and overlapping confidence
intervals for EDV 70 cm/s, EDV 100 cm/s, and EDV
120 cm/s. The results from the meta-analysis are consis-
tent with data displayed graphically in Figs 1 to 3, which
show all studies, not only those which were amenable to
statistical pooling.
DISCUSSION
In general, as expected, sensitivity decreased and spec-
ificity rose with increasing thresholds for each parameter.
However, many of the original studies that met eligibility
criteria in this review are flawed. Poor documentation of
clinical features, variation in disease prevalence and severity,
verification effects (the selection of patients to undergo the
gold standard after the results of the index text are known),
clinical review effects (the knowledge of clinical informa-
tion in the interpretation of test results), and lack of blind-
ing (the knowledge of one test result in the interpretation
of the other) have each been empirically documented to be
associated with bias in studies of diagnostic test perfor-
mance.12,16 These problems were prevalent in the originalarticles included in our review. The circumstances that lead
to referral of patients for carotid DUS examination were
described in 49%, and patients’ clinical and demographic
characteristics in 32%.
Severity of disease was reported in 87%, and most
papers reported patients with a wide spectrum of severity of
carotid stenosis. In 94% of studies, however, patients were
recruited if they had undergone both angiography and
DUS, the decision for patients to receive the gold standard
test of angiography having been taken after a review of
DUS results, which might have led to verification bias.
Blinding was not described in 25% of the studies.
Diagnostic estimates can also be influenced by exclu-
sion of uninterpretable results. Treatment of uninterpret-
able DUS results was described in 32% of the studies.
Calcified lesions, tortuous or kinked ICA, or patient body
habitus can cause uninterpretable DUS findings. It is im-
portant to obtain and report angiographic verification of
disease status for indeterminate DUS cases. If carotid ste-
nosis were associated with uninterpretable DUS results,
then the reported sensitivity of DUS is overestimated when
patients with uninterpretable results are excluded from
analysis.
For each DUS threshold that has been studied on more
than one occasion, a wide range of point estimates for
sensitivity and specificity have been reported (Figs 1 to 3).
Our meta-analysis of those studies for which variance esti-
mates could be calculated (Table III) shows pooled point
estimates with confidence intervals. The lack of precision in
these estimates is clinically important. We have previously
used decision analysis to examine the effects of variation in
sensitivity and specificity on outcomes in carotid endarter-
ectomy for asymptomatic disease.17 Though models
tended to be relatively insensitive to sensitivity within the
clinically-plausible range, each of the models we examined
was sensitive to changes in specificity within the range of
75% to 95%.
In this decision analysis, for the strategies of performing
carotid endarterectomy on the basis of 70% stenosis by
DUS, either confirmed by angiography or proceeding di-
rectly to surgery, specificity as low as 75% was associated
with overall harm, whereas if specificity were 85% or
greater, both strategies produced a small benefit. Table 3
shows that for a number of thresholds in clinical use, the
pooled confidence intervals include values below 85%, and
Figures 1-3 shows that point estimates in this range have
also been reported in some studies.
Variability between studies,4 between laboratories in
the same study,18 and between observers using the same
equipment19,20 has been previously documented. Author-
ities have interpreted the observed between-study variation
as calibration differences and have recommended as a rem-
edy the performance in each center of a derivation and
validation study to determine appropriate, center-specific
thresholds.4,18,21,22
However, no direct data support the hypothesis that
the differences between laboratories and between studies
are due to systematic bias (ie, a calibration problem) rather
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stenosis: (A) 50%; (B) 50%; (C) 70%. N, Number of studies.
60
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error is clearly prevalent. This has been documented in the
laboratory quality assurance performed for centers partici-
Fig 2. Reported diagnostic estimates of peak systolic v
CCA) for measurement of ICA stenosis: (A) 50%; (B)pating in ACAS.22Each of the 37 ACAS centers provided data for each
device in use (a device was defined as the combination of a
specific machine in the hands of a particular group of
y internal carotid artery/common carotid artery (ICA/
%; (C) 70%. N, Number of studies.elocittechnicians). DUS results were compared with angio-
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stenosis: (A) 50%; (B) 60%; (C) 70%. N, Number of studies.
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within 6 weeks. The relationship between the two was
modeled as a fourth order polynomial (which allows the
specification of a complex curvilinear relationship, rather
than assuming that it is linear or takes some particular
algebraic form) specific for each device, and a device-
specific threshold identified.
Of the 63 devices studied, sensitivity was poor in 9
(14%) and no threshold could be established in a further 9
(14%). No statistical relationship between DUS and an-
giography could be established in approximately 20% of
devices. However, excellent sensitivity was observed for
others: 13 (21%) had sensitivity 80%. No factors were
identified that predicted poor performance.
Of the four manufacturers with at least eight devices
used in ACAS, each manufacturer was associated with at
least one excellent and one unusable device. This represents
an important clinical problem for those who order and
those who interpret DUS results: substantial heterogeneity
Table III.  Pooled weighted means of sensitivity and specifi
Angiogr
50%
Measure
Threshold
cm/s N* Sensitivity 95% CI Specifici
PSV 120 3,001 96† 91-100 82†
130 1,716 98† 97-100 88†
150
200
230
250
Ratio‡ 3
4
EDV 70
100
120
CI, Confidence interval; EDV, end-diastolic velocity (cm/s); PSV, peak sys
*Total number of subjects in combined studies.
†Heterogeneity identified by Fischer-Freeman-Halton exact test, P  .05.
‡Internal carotid artery PSV/common carotid artery PSV.
Table IV. Summary of recommendations of the Society
of Radiologists in Ultrasound Consensus Conference,
with respect to key velocity thresholds, for the use of
duplex ultrasound criteria in the diagnosis of internal
carotid artery stenosis4
Degree of
Stenosis
Primary
Parameters Additional Parameters
ICA PSV
(cm/sec)
ICA/CCA
PSV ratio
ICA EDV
(cm/sec)
50% 125 2.0 40
70 230 4.0 100
ICA, Internal carotid artery; CCA, common carotid artery; PVS, peak
systolic velocity; EDV, end-diastolic velocity.clearly exists in the measurement of stenosis by DUS, andno predictors or markers of a reliable machine or reliable
laboratory have been identified.
Variation, which can lead to measurement error, occurs
at many different levels in the application of the test. Each
center usually has multiple observers whose training and
qualifications may vary and frequently has more than one
device-and-probe combination in use. Furthermore, the
technology available has changed over time. Between cen-
ters, each of these can be a source of variation, along with
variation in scanning protocols and quality assurance stan-
dards. Of these sources of variation, to our knowledge, only
inter-observer reliability has been systematically exam-
ined.19,20 The generalizability of thresholds derived from
individual reports and of our own summary estimates are
severely limited by the absence of information on the
important sources of variation and how they may be mini-
mized. However, generalization is a widespread clinical
practice, and endorsed by the recent consensus statement.4
Our work represents a systematic summary of available
evidence from the era of widespread adoption of color DUS
technology. Rothwell13 previously assessed the design and
methodology of a random sample of published studies,
found most to be of poor quality, and did not perform a
meta-analysis. Two other systematic reviews reported over-
all sensitivity for DUS of between 82% and 86% and a
specificity of 87% to 94%.8,23 In these reviews, DUS per-
formance was summarized across all thresholds for detec-
tion of any grade of ICA stenosis. The Society of Radiolo-
gists in Ultrasound derived its summary and conclusions
from “30 representative articles” chosen by the consensus
conference moderator, of which 10 are summarized in the
consensus statement.
We have used a comprehensive search strategy, used the
rigorous methodologic criteria developed by the STARD
group for quality assessment,11 have described separately
for detection of stenosis 50% and 70%
stenosis
70%
95% CI N* Sensitivity 95% CI Specificity 95% CI
72-93
76-100
1,996 96† 93-98 80† 71-90
2,140 90† 84-94 94† 88-97
2,108 90† 83-96 85† 77-92
1,904 76† 63-89 93† 88-98
999 89† 81-96 84† 77-92
1,933 80† 70-90 88† 83-93
1,419 89† 84-94 80† 66-93
1,607 82 70-93 90† 82-99
1,478 79 71-87 92† 86-98
elocity (cm/s).city
aphic
ty
tolic vthe measurement properties of every threshold reported in
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clusions or choice of optimal threshold, and have provided
statistical summaries of those data which were amenable to
meta-analysis.
Our study has a number of limitations:
● Our literature search was conducted in January 2003:
it is likely that other studies have appeared since this
time. However, our principal findings that results are
heterogeneous and differ between laboratories would
not be changed by the addition of further studies.
● We have relied upon authors’ reporting of methodol-
ogy and results for quality assessment and data extrac-
tion.
● Our meta-analysis of weighted means for DUS thresh-
old was limited to studies from which we could recon-
struct standard 2  2 tables for the calculation of
sensitivity and specificity.
● Publication bias may have affected our results, likely
leading to overestimation of DUS accuracy, though
the selection of all thresholds reported in every in-
cluded study, rather than the authors’ recommended
‘optimal’ threshold may have minimized this effect.
● Our analysis is a comparison of DUS properties with
the de facto gold standard of angiography rather than
with pathologic findings. We recognize that interob-
server variation is problematic for the gold standard
test itself, but felt that a detailed summary of data to
this effect was outside the scope of this meta-analysis.
Comparison with angiography is useful and justified
because of the clinical situation: influential trials doc-
umenting the efficacy of carotid endarterectomy have
either used angiography1,24,25 or DUS calibrated to
angiography2,26 to define participants.
Implications for practice. For each DUS threshold,
measurement properties vary widely between laboratories,
and the magnitude of the variation is clinically important.
Data from ACAS show that random error is prevalent.22
Whether calibration differences also exist is not known. To
provide results that led to benefit rather than harm, we
believe individual laboratories must perform continuous
quality improvement in the form of comparison of DUS
with angiographic data from patients who undergo the two
procedures within a short time interval (perhaps 6 to 12
weeks). (This differs from the conclusions reached by the
Society of Radiologists in Ultrasound4 which recommends:
“For a particular laboratory setting, internal validation is
encouraged when possible.”)
We suggest adopting the approach of Howard, in
which the relation between the two is modeled with poly-
nomial regression. This would permit a DUS report to
include a predicted stenosis that is based on a complex
relationship between velocities and degree of stenosis, and
that is device specific.22 Whether the data are a reasonable
fit to such a model (the model total r2) determines whether
a device produces usable data. If the data are usable, the
results of this machine-specific regression should then be
used in the reporting of degree of stenosis measured by themachine. This can be further assessed and described to the
user of the information as a  statistic comparing the
predicted percentage stenosis with measured percentage
stenosis.
This differs from the current approach suggested by the
Intersocietal Commission for the Accreditation of Vascular
Laboratories (ICAVL), which examines simple correlations
betweenDUSmeasurements and angiography as a check of
validity, and does not use the data to calibrate the instru-
ment or to improve the validity of the measurement. If a
machine-specific relationship between degree of stenosis
and velocity can be elucidated, the issue of selection of
thresholds for the identification of stenosis no longer ap-
plies, as the degree of stenosis is directly predicted by the
velocity measurement for that device, and actual estimated
degree of stenosis can be directly reported. Alternative
approaches, such as the use of the thresholds suggested by
the Society of Radiologists in Ultrasound (Table IV) may
provide adequate sensitivity and specificity, but no data are
available to suggest the optimal combination of sensitivity
and specificity in this setting. Adjacent thresholds provide
similar estimates of sensitivity and specificity with overlap-
ping confidence intervals. Some machine-user combina-
tions will (unpredictably) produce very poor data, which
would be detected under current quality assurance stan-
dards if the problem were random error, but which might
not be obvious if the problem were calibration.
The ability to benefit from carotid endarterectomy is
related to the degree of stenosis,24,25 so that patients who
make decisions about endarterectomy on the basis of mea-
surements from devices that produce poor-quality or un-
calibrated data do so on the basis of misinformation. Be-
cause the risk-benefit ratio for carotid endarterectomy for
asymptomatic patients is more marginal than for patients
with symptomatic disease, these considerations are partic-
ularly relevant to asymptomatic patients.
The only method of ensuring that patients will experi-
ence the same risk-benefit ratio as obtained in ACAS is to
set thresholds by the same methodology, calculating and
using the device-specific threshold that produces a positive
predictive value of 90%.22 This is in keeping with re-
sults of a decision analysis that suggest that specificity is a
critical factor in the risk-benefit ratio of strategies for iden-
tification of patients for endarterectomy.17 Failure to main-
tain high specificity and high positive predictive value ex-
poses patients without significant stenosis, who will not
benefit from endarterectomy, to the risk of stroke from
angiography, estimated at 1%.27
Implications for research. The quality of future re-
search could be improved by application of the STARD
criteria by authors and editors. The effects of verification
bias may be studied by reporting results for contralateral
arteries (ie, the artery with the lower degree of stenosis)
separately. Variation due to disease severity may be exam-
ined by reporting results separately for symptomatic and
asymptomatic patients.28,29 Publication bias might be
avoided by the creation of a study registry in which data are
recorded regardless of whether the test performed well or
JOURNAL OF VASCULAR SURGERY
Volume 41, Number 6 Jahromi et al 971poorly. Studies that examine the measurement properties
of DUS compared with the criterion measure of angiogra-
phy should include scatter plots showing the relationships
between the two measures, and polynomial equations as
well as simple correlations should be used to describe these
relationships. Finally, there is a pressing need for reliability
studies that identify the important sources of random error
and determine whether calibration differences also exist.
Our thanks to Dr Keith Tsoi, and Robee Banerjee who
provided invaluable help with translation of articles.
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Consecutive patients?
Prospective/Retrospective
study?
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Reproducibility of tests
Angiography – NASCET
% Stenosis DUS – Doppler
velocity
AbuRahma34 178; 356 Symptoms,
bruit
Consecutive patients.
Retrospective study.
68 y, 58%
male
49%: 50%-79%,
24%: 80%-
99% stenosis
Not reported
AbuRahma30 231; 404 Symptoms,
bruit
Consecutive not reported.
Direction of study not
reported.
67.9 y, 56%
male
12%: 50%-59%,
12%: 60%-
69%, 9%:
70-99%
stenosis
Not reported
Alexandrov59 87; 174 Not reported Consecutive patients.
Prospective study.
Not reported Not reported Not reported
Anderson62 31; 50 Not reported Consecutive not reported.
Retrospective study.
95% male 10%: 40%-59%,
22%: 60%-
94% stenosis
Angiography Spearman’s
correlation 0.9-0.96,
DUS not reported.
Ballard55 400; 774 Not reported Consecutive not reported.
Retrospective study.
Not reported 22% 50%-79%,
9.1% 80%-
99% stenosis
Not reported
Bonig60 79; 158 TIA, AmF,
stroke
Consecutive patients.
Prospective Study.
66.3 y, 65%
male
75%  30%
stenosis
Angiography Kappa
0.89. DUS not
reported
de Bray41 64; 128 Referral for
angiography.
Consecutive patients.
Prospective Study.
62 y, 84%
male
20% 
70%stenosis
Angiography Pearson’s
correlation 0.92, DUS
not reported.
Browman40 75; 145 Symptoms,
bruit,
screening
Consecutive patients.
Direction of study not
reported.
66% male,
age not
reported
23%  70%
stenosis
Angiograms with
interobserver
measurement
difference 30% were
re-examined, DUS not
reported.
Carpenter68 110; 210 Not reported Consecutive patients.
Retrospective study.
Not reported 46%  60%
stenosis
Angiography Kappa
0.86, DUS not
reported.
Carpenter64 110; 210 Not reported Consecutive patients.
Retrospective study.
Not reported 33%  70%
stenosis
Angiography Kappa 
0.86, DUS not
reported.
Chen50 99; 185 Not reported Consecutive patients.
Prospective study.
Not reported 40%  70%
stenosis
Not reported
Dinkel66 116; 225 Not reported Consecutive patients.
Retrospective study.
Not reported Unclear Not reported
Dippel42 152; 152 Symptoms Consecutive patients.
Prospective study.
56 y, 65%
male
22%  70%
stenosis
Angiography  0.87-1.0,
DUS not reported.
Elgersma31 121; 239 Symptoms Consecutive patients.
Prospective study.
64 y, 66%
male
1st period 26%,
2nd period
33% 70%
stenosis
DUS thresholds derived
from different
interpreters of same
angiograms were
compared, DUS
reliability not
reported.
Elmore32 24; not
reported
Confirmation
of prior
DUS.
Consecutive patients.
Prospective study.
Not reported Not reported Angiography not
reported. DUS
interlaboratory  0.62.
Erickson72 49; 95 Not reported Consecutive not reported.
Direction of study not
reported.
Not reported 19;83 (23%)
50%-75%,
8;83 (10%)
76%-99%
stenosis
Not reported
Faught63 405; 770 Not reported Consecutive study.
Retrospective study.
Not reported 13%: 50%-
69%, 17%:
79%-99%
stenosis
Not reported
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velocity
Filis43 162; 326 Screening,
symptoms
Consecutive patients.
Retrospective study.
64 y, 67%
male
158;296 (53%)
50%, 107;
296 (36%)
70%
Not reported
Grant29 202; 333 Screening,
symptoms,
bruit
Consecutive patients.
Retrospective study.
65 y, 99%
male
51;201 (25%)
70%,
39;132(30%)
60%
Angiography  0.84.
DUS not reported.
Grant28 220; 404 Screening,
symptoms,
bruit
Consecutive patients.
Retrospective study.
64.8 y, 98%
male
49%  50%,
21%  70%
stenosis
Not reported
Guo46 32; 64 Stroke Consecutive not reported.
Retrospective study.
Not reported Not reported Not reported
Hood21 248; 457 Screening,
symptoms,
bruit
Consecutive patients.
Direction of study not
reported.
Not reported 20%  70%
stenosis
Not reported
Hunink36 96; 166 Screening,
symptoms,
bruit
Consecutive patients.
Retrospective study.
66.5 y, 59%
male
Not reported Not reported
Huston35 50; 77 Symptoms Consecutive patients.
Prospective study.
67 y, 70%
male
31% 50%
stenosis
Not reported
Huston49 621; 1218 Not reported Consecutive patients.
Retrospective study.
67.7 y, 61%
male
62%  70% Not reported
Hwang71 134; 268 Not reported Consecutive patients.
Retrospective study.
69 y, 63%
male
Not reported Not reported
Jackson52 50; 100 Not reported Consecutive patients.
Prospective study.
69.5 y, 72%
male
37%  60%
stenosis
Not reported
Jung45 88; 88 Symptoms,
screening
Consecutive patients.
Direction of study not
reported.
Not reported 49%  70% Not reported
Karam37 49; 98 Symptoms,
screening
Consecutive patients.
Prospective study.
Not reported 26%  50%,
18%  70%
stenosis
Not reported
Koga67 75; 144 Not reported Consecutive patients.
Prospective study.
63 y, 88%
male
14%  70%
stenosis
Not reported
Kuntz49 64; 123 Not reported Consecutive not reported.
Direction of study not
reported.
70 y, 66%
male
laboratory A
33%  70%,
laboratory B
12.7% 
70%
Angiography Kappa
0.93. DUS not
reported.
Lee57 59; 118 Not reported Consecutive patients.
Prospective study.
69.6 y, 37;
57 (65%)
male
32; 57 (56%)
 60%
stenosis
Not reported
Link44 28; 56 Symptoms,
bruit
Consecutive patients.
Prospective study.
63 y, 64%
male
27%  70%-
99%
Not reported
Londrey61 Not
reported;
307
Not reported Consecutive patients.
Retrospective study.
Not reported 18% 50%-79%,
14% 80%-
99% stenosis
Not reported
Mackenzie39 192; 375 Screening,
symptoms
Consecutive patients.
Retrospective study.
47% male,
age not
reported
42.4%  50%,
20.9% 
70% stenosis
Angiography Kappa
0.82-0.88. DUS not
reported
Mattos38 167; 167 Screening,
symptoms,
bruit
Consecutive patients.
Retrospective study.
69 y, 58%
male
23%: 50%-79%,
65%: 80%-
99% stenosis
Not reported
Moneta65 100; 184 Not reported Consecutive patients.
Retrospective study.
Not reported 32%  70% Angiography Kappa
0.93. DUS not
reported.
Moneta70 Not
reported;
Not reported Consecutive not reported.
Direction of study not
Not reported 46%  60%
stenosis
Not reported352 reported.
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Muller48 58; 101 Not reported Consecutive patients.
Direction of study not
reported.
62 y, 84%
male
21; 95 (22%)
 70% stenosis
Not reported
Neale69 60; 120 Not reported Consecutive patients.
Retrospective study.
Not reported 24%  70%
stenosis
Not reported
Neschis53 110; 210 Not reported Consecutive not reported.
Retrospective study.
Not reported 47%  50%
stenosis
Angiography Kappa
0.86. DUS not reported.
Polak33 39; 72 Screening,
symptoms,
bruit
Consecutive patients.
Direction of study not
reported.
45-85 y, 72%
male
69%  50%
stenosis
Angiography not
reported. DUS
Pearson’s correlation
0.9-0.93.
Ranke56 44; 88 Not reported Consecutive patients.
Prospective study.
69 y, 52%
male
35%  70%
stenosis
Angiography not
reported. DUS
interobserver
Pearson’s correlation
0.94.
Soulez47 211; 365 Not reported Consecutive patients.
Prospective study.
Not reported 41.2%: 30%-
69%, 35.8%:
60%-99%,
24.4%: 70%-
99%
Angiography Kappa
0.78-0.91. DUS not
reported.
Spadone54 183; 366 Not reported Consecutive patients.
Retrospective study.
Not reported 11%: 50%-79%,
16%: 80%-
99% stenosis
Not reported
Thomas58 20; 38 Not reported Consecutive not reported.
Direction of study not
reported.
69 y, 80%
male
NR Not reported
Winkelaar51 99; 188 Not reported Consecutive patients.
Direction of study
not reported.
Not reported 57%  50%
stenosis
Not reported
All ages are means. Denominators for percentages in severity is n arteries.
AmF, Amaurosis fugax; DUS, color duplex ultrasound; y  years (average age); N, sample size.
